A novel tp0548 sequence-type was identified in one clinical isolate (X-4) from a patient diagnosed with primary syphilis in Xiamen, China. To precisely define and characterize this new clinical isolate, we performed further genome-scale molecular analysis.
Introduction 16
Human pathogenic treponemas include three subspecies of Treponema pallidum, 17 namely, T. pallidum subsp. pallidum (TPA), T. pallidum subsp. pertenue (TPE) and T. 18 pallidum subsp. endemicum (TEN), and these subspecies are the causative agents of 19 venereal syphilis (syphilis), yaws and endemic syphilis (bejel), respectively. These 20 three subspecies share more than 99.5% sequence identity with each other and are 21 indistinguishable by morphology and serology alone [1] [2] [3] .
22
The oft-stated belief was that these three subspecies could be distinguished based on 23 their mode of transmission, clinical manifestations and host specificity, but this 24 probably appears to not be the case. In a previous study, one Paris isolate 11q/j was 25 obtained from a syphilis-like primary genital lesion and was first reported as a syphilis 26 case containing a novel tp0548 sequence-type "j" by enhanced CDC (ECDC) typing 27 system [4] . However, the novel tp0548 genotype "j" was further found to be similar to 28 those of TPE strains, and the "q" RFLP pattern of the tpr subfamily II genes was also 29 consistent with that of most TPE strains. Hence, this 11q/j isolate was defined as an 30 imported case of yaws [5] . After extensive molecular locus analysis, the isolate was 31 finally clearly characterized as a TEN isolate that contained two recombination events 32 in the tp0548 and tp0488 loci, resulting in sequences similar to those of TPE and TPA 33 strains, respectively [6, 7] . Moreover, Noda et al. [8] All genome gaps and discrepancies were then filled and resolved by Sanger sequencing 82 to obtain the complete genome sequence of the X-4 isolate. To determine the number 83 of repetitions within the arp (tp0433) gene, the gene was amplified and sequenced using 84 the primers (F: 5'-GTCGTTACCCGTTGTATTGC-3' and R: 5'-85 CCTTCCCTTCCGTTCCTT-3'). Also, the size of the amplicon was determined by 86 comparison with a 2-kb DNA marker with the use of Quantity One software (version 87 4.6.7; Biorad), and the number of repetitions was estimated by comparing the size of 88 the product amplified from the Nichols strain, which contains 14 repetitions. The 89 repetitive sequences within the tp0470 gene were amplified and sequenced using the 90 sense primers (5'-TCACGTCGTTCCGTCAGT-3') and antisense primer (5'-91 GTAGGGTCCAAGCGAATAAG-3'). The complete genome was annotated using the 92 NCBI PGAAP pipeline and the genes were tagged with FFV11_prefixes. Whole-genome comparisons 104 Whole-genome-based phylogenetic tree of the X-4 isolate and six other TPA strains, 105 including the Nichols (CP004010.2), SS14 (CP004011.1), Mexico A (CP003064.1),
106
DAL-1 (CP003115.1), Chicago (CP001752.1) and Sea 81-4 (CP003679.1) strains, was 107 constructed with the Maximum Likelihood method. Due to the high intrastrain diversity 108 in the tprK gene and the presence of repetitive sequences in the arp gene, those two 109 genes were excluded from the analysis [18] . We then performed a genomic comparison 110 of the X-4 isolate against its most closely related ancestral strain using the MUMmer 111 and LASTZ tools. Nucleotide positions located within homopolymeric tracts (defined 112 as a stretch of seven or more identical nucleotides) were excluded from the analysis 113 [19] . 
114

Evaluation of intrastrain heterogeneous G/C and A/T regions in DNA
Results
134
Whole genome sequencing of the X-4 isolate and de novo assembly of the genomes 135 The X-4 isolate genome was sequenced using the PSGS approach. Illumina sequencing 136 of the X-4 isolate genome yielded 39,782,973 paired reads and 4,800,380,928 total 137 bases, with an average coverage depth of 4201×. A total of 4, 13, 4, and 8 contigs for 138 pools 1-4 of the X-4 isolate were obtained by de novo assembly. The detailed 139 characteristics of the Illumina sequencing and de novo assembly are shown in S1 Table. 140
We separately aligned the resulting contigs to the Nichols genome, and 13 genome gaps 141 and discrepant regions were filled and resolved by Sanger sequencing. The consensus 142 sequences for the individual pools were then used to compile the genome sequence, and 143 the results yielded the complete circular genome of the X-4 isolate, which contained tp0548 locus (nucleotides 130-212 according to tp0548 in the Nichols strain genome 148 [AE 000520.1]) with published data, including a known TPA pattern and a known TPE 149 pattern in silico, showed that the tp0548 genotype in the X-4 isolate was novel. The 150 known tp0548 genotypes (a-ak) were assigned in a unique list containing TPA strains 151 and TPE strains [20] [21] [22] , and three other tp0548 genotypes of TPA strains were recently 152 published: two were defined as type "r" and "s" by Grillová el al. [11] , and one was 153 defined as type "y" by Kumar et al. [23] . For consistency with the already extensive list 154 of tp0548 genotype sequences (a-ak), we redefined types "r", "s" and "y" as "al", "am" aligning with all the tp0548 genotype ( Fig. 1) . Likelihood phylogenetic tree clearly divided the TPA, TPE and TEN strains into three 12 169 monophyletic clades (Fig. 2) , and the X-4 isolate formed part of a monophyletic group 170 consisting of TPA strains (SS14 and PT_SIF0751).
171
Similarly, the profile (1.48.8) of the X-4 isolate by MLST was a newly identified 172 profile. Comparing already identified allelic variant in tp0548locus, the tp0548 locus 173 of the X-4 isolate was showed to only contain two nucleotide substitutions at position 174 55 and at position 167, as above described.
175
Analysis of the X-4 isolate at the whole-genome scale A whole-genome phylogenetic 176 analysis of the X-4 isolate and six TPA reference strains available at GenBank was 177 performed and the results showed that the seven TPA strains were grouped into three 178 clades, and among these clades, the X-4 isolate was segregated in a separate branch and 179 closely related to the SS14 strain ( Fig. 3) . 180 We subsequently analyzed the genome of the X-4 isolate by referring to the SS14 181 genome with respect to the occurrence of nucleotide diversity. Overall, we found 42 182 variable nucleotide positions, 39 of these were located in coding regions, and 27 of 183 these 39 positions were nonsynonymous variant sites (Fig. 4) . Moreover, 12 184 insertions/deletions in genomic regions were identified in the X-4 genome relative to 185 the SS14 genome, and five of these mutations were in coding regions ( of the poly G/C tracts showed intrastrain genetic variability and were equally located 209 within predicted coding regions and regulatory regions ( Fig. 5a and S2A Table) .
210
Notably, the frequencies of the dominant base counts (11 poly G/C counts) and the 211 secondary base counts (12 poly G/C counts) in the TPAChi_0347 locus reached 39.5% 212 and 34.9%, respectively. As such, the variable number of poly (G/C) tracts in 213 TPANIC_0347 revealed up to five types of base count (Fig. 5a ). Additionally, we noted 214 that most of the heterogeneity in the putative regulatory regions was located upstream 215 of genes belonging to the tpr family. In the present study, we found that a tp0548 sequence-type in the clinical isolate X-4 225 that had not been previously identified through the ECDC or MLST typing system [4, 226 11, 17, 20, [22] [23] [24] [25] [26] [27] [28] [29] . Based on an analysis of an 83-bp region in the tp0548 locus, the 227 phylogenetic tree revealed that this novel sequence-type, "ao", clustered with SS14-like 228 genotypes. Due to the high similarity in the genome sequences and the possible 229 occurrence of recombination events among the three human pathogenic treponemas 230 (TPA/TPE/TEN strains) [7, 30] , we decided to perform an in-depth molecular analysis 231 to clearly classify and characterize this new isolate. Here, we used the PSGS approach, 232 which has been successfully applied to amplify the genomes of T. pallidum subspecies 233 [15, 16, 31] , to analyze the genome sequence of the X-4 isolate.
234
As reported in a previous study [8] , an analysis of nine chromosomal regions could 235 clearly distinguish among TPA, TEN and TPE. Thus, we extracted the corresponding 236 sequences from the assembled contigs of X-4 and conducted a phylogenetic analysis.
237
The results were consistent with the classification of the X-4 isolate as a TPA strain.
238
Moreover, whole-genome-based phylogenetic analysis indicated that the X-4 isolate 239 and SS14 strain might have originated from the same ancestor, which further confirmed 240 that the X-4 isolate was a TPA strain.
241
Comparative genomic results showed that the X-4 isolate had a 9-nt-long repetitive in most pathogenic treponemal strains [1, 16] . We analyzed the available treponemal 245 sequences in the NCBI database and found that the number of sequence repeats 246 (TCCTCCCCC) varied from one to four in all the investigated strains. Genomic 247 analyses have revealed that the genomes of the three subspecies are highly similar [1,
248 3]; thus, simple genetic differences that occurred during the evolution of these genomes 249 might provide important evolutionary hints. In Legionella pneumophila, the number of 250 repeats could reflect the strain origin [32] . Thus, the gain or loss of repeated sequences 251 resulting in variability in the tp0967 gene within the three subspecies might reflect the 252 origin of a strain. In fact, only in TPA strains did we find a completely identical 253 sequence pattern to that of the X-4 isolate (S3 Table) . involved in phenotypic variation in many bacteria [36, 37] , particularly bacteria with 262 limited metabolic capabilities, e.g., T. pallidum [38, 39] . In this study, we found that And most of the heterogeneity were found within the putative regulatory regions of the 267 tpr family, which corroborated the finding by Giacani et al [38] . It is noteworthy that 268 TPNIC_0126 was found to be transcriptionally affected by variations in the poly G/C 269 tract length, which is consistent with regulation by phase variation [30] . These poly 270 tracts in the X-4 genome were conserved with a 9-base count, which was similar to the 271 findings obtained by Pinto et al [18] . In fact, we observed variations in the poly tracts 272 of TPNIC_0126 in the X-4 isolate (eight and ten base counts), but their relative 273 frequencies were low (3.5% and 4.5%, respectively). Additionally, theTPAChi_0347
274 locus in the X-4 isolate showed obvious diversity in the lengths of the homopolymeric 275 tracts, which was similar to the findings obtained for the PT_SIF1252 strain [18] .
276
Despite incongruences regarding the annotation of this gene [31, 40] , similar results 277 were obtained in the two studies, which suggests that the transcription or protein status 278 (functional on/off) of the gene is more likely to be modulated by phase variation.
279
Further experimental validation is necessary to confirm whether the gene is in the "on" 280 or "off" state during in vivo growth of the X-4 isolate and to investigate whether its 281 activity correlates with infection development.
282
Besides, we first analyzed the variability in the length of poly A/T tracts of the X-4 283 strain in this study. Compared with the poly G/C tracts, the poly A/T tracts in the 
